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DOI: 10.1039/b916290aAmphiphilic micelles with waist cross-linked structure exhibit both
core–shell reversing behavior and thermal sensitivity.Scheme 1 O–B–EG structure and synthetic pathway of WCMs.The self-assembly of amphiphilic molecules in selective solvents
induces the formation of nanoscale structures such as spherical or
cylindrical micelles, or vesicles.1–3 During the last decade, amphiphilic
copolymer micelles with special functionalities and variable
morphologies,4,5 have attracted considerable attention due to their
great potential in drug controlled release and targeted release.6–8
Various multicomponent micelles self-assembled from block,
di-diblock, di-triblock , tri-triblock, and graft-diblock copolymers
and dendrimers4,5,9–17 have been widely investigated. However,
normal amphiphilic micelles exist only above some critical micelle
concentration, and variation in external conditions can lead to micelle
dissociation and dissolution.16 Accordingly, many methods have been
used to stabilize micelles, and different aggregation structures such as
shell cross-linked micelles18–22 and core cross-linked micelles 23–25 have
been reported. However, the synthesis of amphiphilic copolymers
often requires multiple steps and harsh reaction conditions (e.g.,
anionic polymerization and atom transfer radical polymerization
require oxygen-free and anhydrous conditions), and therefore tend to
hinder larger-scale production. In addition, core cross-linking and
shell cross-linking are the two strategies that are used to stabilize
micelles frequently. But both of these two strategies immobilize the
polymer chains harshly, and barricade the environmental response of
micelles. In this work, we describe a novel amphiphilic oligomer
(Scheme 1) as a self-assembly material that has the following char-
acteristics: (1) facile preparation involving only two steps of esterifi-
cation reactions; (2) the crosslinking polymerization which proceeds
in the region between the core and shell (waist cross-linked micelles)
not only stabilizes the micelles but also endows them with mobile core
and shell; (3) the micelles exhibit core–shell reversing behavior and
thermal sensitivity.
The synthesis of waist cross-linked micelles (WCMs) can be briefly
summarized as follows: (Z)-2-butenedioic acid monooctadecyl ester
(O–Be) was obtained from the esterification reaction between maleic
anhydride (0.05 M) and octadecyl alcohol (0.05 M), and then we used
O–Be (0.0125 M) to esterify with polyethylene glycol-600 (PEG-600)College of Materials, Xiamen University, Xiamen 361005, China. E-mail:
lzdai@xmu.edu.cn; Fax: +86-592-2183686; Tel: +86-592-2186178
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details, 1H NMR and FT-IR spectra, FE-SEM images of O–B–EG
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O–B–EG micelles, particle size of O–B–EG micelles and WCMs, the
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4642 | Soft Matter, 2009, 5, 4642–4646(0.0125 M) to synthesize octadecyl, polyethylene glycol butenedioate
(O–B–EG). The so-called pyrene 1 : 3 ratio method26,27 was used to
determinate the critical micelle concentration (CMC) of O–B–EG
(Figs. S3 and S4 of the ESI†). We found that micelles were readily
formed when O–B–EG was dissolved in water because the CMC of
O–B–EG is about 0.15 mg mL1 (0.155 mM L1). However, the
micelle size evidently depended on the concentration of O–B–EG. To
stabilize the micelles, the WCMs were obtained from the cross-linking
polymerization of O–B–EG micelles (1 mg mL1) in deionized water
(Scheme 1).
In the 1H NMR spectra, proton signals from molecular chains
which were embedded in the core of micelles were significantly
weakened or even not observed.28,29 Accordingly, we tested the 1H
NMR spectra of O–B–EG micelles (Fig. 1Aa) and WCMs (Fig. 1Ab)
in D2O. It was found that proton signals (d 0.89, 1.20–1.40, 1.68,
4.30 ppm) derived from octadecyl alcohol were weak in the spectrum
of O–B–EG micelles and could not be observed in the spectrum of
WCMs. This result indicated that both O–B–EG micelles and WCMs
have hydrophobic cores and hydrophilic shells. In addition, Fig. 1Ab
also illustrated that the hydrophobic chains of WCMs were
embedded completely because of the waist cross-linked structure.
However, in the 1H NMR spectra of WCMs in CDCl3 (Fig. 1Ac),
proton signals derived from both hydrophilic chains and hydro-
phobic chains are visible, and the integral ratio of protons derived
from PEG-600 (d 3.60–3.80, 4.18 ppm) to the protons derived
from octadecyl alcohol (d 0.89, 1.20–1.40, 1.68, 4.35 ppm) was 1.52This journal is ª The Royal Society of Chemistry 2009
Fig. 1 A: 1H NMR spectra of (a) O–B–EG in D2O and (b) WCMs in
D2O, (c) WCMs in CDCl3; B:
1H NMR spectra of (a) WCMs in CDCl3,
(b) RWCMs in CDCl3 and (c) RWCMs in D2O, the integral ratio of
protons derived from PEG-600 to the protons derived from octadecyl
alcohol is (a) 1.52 (approximately equal to the theoretical value of 1.51),
(b)1.01, (c) 0 (proton signals derived from octadecyl can not be observed














































View Article Online(approximately equal to the theoretical value of 1.51). Because both
octadecyl alcohol and CDCl3 have approximately equal solubility
parameters, micelle cores with octadecyl alcohol chains could be
swelled by CDCl3. Consequently, octadecyl alcohol chains in interior
micelle cores could not be embedded, and the proton signals derived
from octadecyl alcohol were visible. In order to gain a better
understanding of the waist cross-linked structure of WCMs, reversed
waist cross-linked micelles (RWCMs) with hydrophilic core and
hydrophobic shell were synthesized by the polymerization of O–B–
EG (0.1 g) using n-heptane (100 mL) as solvent and trace deionized
water (0.1 mL) as nucleating agent. The structure of the RWCMs was
verified by 1H NMR spectroscopy. As shown in Fig. 1Bb, it seemsThis journal is ª The Royal Society of Chemistry 2009that the 1H NMR spectrum of RWCMs in CDCl3 is similar to that of
WCMs (Fig. 1Ba). However, the integral ratio of protons derived
from PEG-600 to the protons derived from octadecyl alcohol was
much lower than the theoretical value. Because the solubility
parameter of PEG-600 is much larger than that of CDCl3, micelle
cores composed of PEG-600 could not be swelled by CDCl3.
Therefore, PEG-600 chains in interior micelle cores were embedded,
and the proton signals derived from PEG-600 were weakened
significantly. This result also indicated that RWCMs with hydrophilic
core and hydrophobic shell could be synthesized using this method.
Furthermore, when the solvent was D2O, proton signals derived from
octadecyl alcohol were not observed (Fig. 1Bc). In other words, this
result showed that RWCMs have a hydrophilic shell and a hydro-
phobic core in water. It can be concluded that RWCMs are unstable
in water, and exhibit core–shell reversing behavior under the inter-
action between PEG-600 chains and water. As far as we are aware,
this is the first report describing the core–shell reversing of cross-
linked micelles. As the RWCMs are waist cross-linked, it is impos-
sible for the RWCMs to disintegrate as a single amphiphilic molecule
and then self-assemble to WCMs. In addition, migration of hydro-
phobic chains into the core and transfer of hydrophilic chains to the
shell are also barricaded because of the waist cross-linked structure.
Consequently, we consider that the core–shell reversing behavior
of RWCMs is induced by the disbandment and recombination of
micelle fragments. This is because the cross-linked structure of
micelles is not flawless, but has weak sections, and these weak sections
induce cracks on the surface of micelles (this was also conformed by
FE-SEM, Fig. 2). When RWCMs are dispersed in water, hydrogen
bonding and other interactions between PEG-600 chains and water
cause the cracks, and promote the core–shell reversing behavior of
the micelles (Fig. 1C). On the other hand, this behavior also indicated
that the waist cross-linked structure endowed the micelles with mobile
core and shell. However, as analyzed above, WCMs did not exhibit
core–shell reversing behavior in CDCl3. This is because the interac-
tion between the core of WCMs and CDCl3 is small, and no
hydrogen bonds can be formed between WCMs and CDCl3. Thus
the driving force of the core–shell reversing of WCMs is deficient, and
the core–shell reversing behavior of WCMs is barricaded.
To investigate the surface morphology of micelles, O–B–EG and
WCMs were dispersed in deionized water respectively, and dripped
onto aluminium sheets. After air-drying for 10 days at room
temperature (as room temperature is much lower than the boiling
point of water, 10 days of drying were needed to volatilize the water),
FE-SEM was used to observe the dry micelles. Fig. 2A shows the
surface morphology of O–B–EG micelles. It can be seen that the
micelles were carvel-built on the aluminium sheet, and completely
destroyed. The FE-SEM image (Fig. 2B) of WCMs shows that the
micelles collapsed on the aluminium sheet, but a disk-shaped
morphology can still be observed. In order to keep the micelles from
collapse, n-heptane was used as a core-supporting agent when
dispersing O–B–EG and WCMs in deionized water, because
n-heptane is hydrophobic, and it can permeate into the micelles.
These samples were also air dried for 10 days to eliminate water and
n-heptane and then observed using FE-SEM. We found that WCMs
show a spherical morphology (Fig. 2C), and no collapse can be
observed. However, O–B–EG micelles synthesized by this method
have the same surface morphology as Fig. 2A shows. These results
suggest that WCMs have a more steady structure than that of O–B–
EG micelles, and a hollow structure can be formed in interior WCMsSoft Matter, 2009, 5, 4642–4646 | 4643
Fig. 2 FE-SEM images of O–B–EG micelles (non-polymerized micelles) (A), collapsed WCMs (B) and non-collapsed WCMs (C); TEM images of












































View Article Onlineusing hydrophobic solvent as a core-supporting agent. This hollow
structure endows WCMs with great potential for drug encapsulation.
Moreover, it can be observed in Figs. 2B and 2C, that obvious cracks
are located on the surface of the micelles. We consider that this
imperfect structure facilitated the core–shell reversing of the micelles.
We also used TEM to investigate the microstructure of WCMs. As
shown in Fig. 2D, the particle size of WCMs is similar to that shown
in Fig. 2C. After bombardment with the electron beam for several
minutes, the amorphous regions of the WCMs were removed, and
the crystal regions remained (Fig. 2E). We then investigated the
microcrystalline domains of WCMs. As shown in Fig. 2F, an
evidently crystal structure can be observed. The electron diffraction
pattern of the electron-beam-bombarded WCMs (Fig. 2G) also
indicated that the WCMs crystallized significantly when they were
air-dried at room temperature. These results suggest that a high
crystallinity was achieved because the amphiphilic chains are
assembled on the surface of WCMs tightly.
In addition, it was found that both SEM and TEM of the micelles
show that the diameters of micelles are larger than 200 nm. This
diameter is much larger than the theoretical expected value on
considering the counter length of O–B–EG. If the micelles were4644 | Soft Matter, 2009, 5, 4642–4646self-assembled only from a monomolecularlayer, the diameter of the
micelles would be calculated to be 14 nm, because the length of the
O–B–EG molecule is about 7 nm. Actually, we have obtained
monomolecular layer O–B–EG micelles using 0.2 mg mL1 of
O–B–EG aqueous solution (this concentration was close to the CMC
of O–B–EG in aqueous solution) in our previous work (as shown in
Fig. S7 of the ESI†). However, we found that O–B–EG was hard to
polymerize under such a low concentration (the conversion rate
of polymerization was very low), and this barricaded the synthesis of
WCMs. Consequently, we chose 1 mg mL1 of O–B–EG to form
O–B–EG micelles and WCMs. This concentration was much higher
than the CMC of O–B–EG, and it was difficult for O–B–EG to form
monomolecular layer micelles. As a result, the micelles which are
shown in the SEM and TEM images were not assembled from
a monomolecular layer, but constructed from mutimolecular layers,
and the micelles exhibited much larger diameters than the theoretical
expected value.
We then used DLS to measure the particle size of the micelles in
aqueous solution. The results show that the particle size of O–B–EG
micelles (non-polymerized micelles) was much smaller than that of
WCMs and the diameter of WCMs decreased significantly with theThis journal is ª The Royal Society of Chemistry 2009
Fig. 3 Temperature-responsive properties of O–B–EG micelles (*) and
WCMs (C), (A) diameter of the micelles as a function of temperature,
(B) influence of temperature on the UV–vis transmittance of micelles in












































View Article Onlineincreasing dosage of initiator (Fig. S8 of the ESI†). Moreover, the
influence of the concentration of O–B–EG and WCMs in aqueous
solution on the particle size of micelles was also investigated by DLS
(Figs. S9 and S10 of the ESI†). The results indicate that the particle
size of both O–B–EG micelles and WCMs depended little on
concentration and the size distribution was narrow when the
concentration of O–B–EG and WCMs was lower than 8 mg mL1.
However, it can also be found that the particle sizes of WCMs which
were measured by DLS are larger than those shown in Figs. 2B, 2C
and 2D. This is because the surface of the micelles swells in water and
shrinks in the dry state.
Further investigation showed that the particle size of the micelles
evidently depends on temperature. DLS analysis (Fig. 3A) shows that
the particle size of O–B–EG micelles and WCMs decreased signifi-
cantly at 33 and 41 C, respectively. The thermal sensitivity of
O–B–EG micelles and WCMs was also investigated by UV–vis
spectrophotometry. As shown in Fig. 3B, both O–B–EG micelles and
WCMs in aqueous solution exhibited a rapid increase of trans-
mittance at the same temperature as Fig. 3A shows. The molecular
structures of O–B–EG micelles and WCMs indicate that no UV–vis
absorption peak can be observed at a wavelength of 500 nm in theirThis journal is ª The Royal Society of Chemistry 2009UV–vis absorption spectra. Therefore, the variation of transmittance
at a wavelength of 500 nm in the UV–vis transmission spectrum is
caused by the change of the particle size of the micelles, with the
smaller particle size resulting in higher UV–vis transmittance. In
other words, the rapid increase of transmittance in Fig. 3B implies
a sharp decrease of particle size of O–B–EG micelles and WCMs. As
analyzed above (Fig. 1), both O–B–EG micelles and WCMs have
hydrophobic cores and hydrophilic shells in aqueous solution.
Hydrogen bonds which are formed between the hydrophilic shell and
water result in expansion of the micelles. However, these hydrogen
bonds can be destroyed at high temperature, and the hydrophilic shell
composed of PEG retracts. Consequently, O–B–EG micelles and
WCMs shrink. Moreover, it can be observed that the temperature at
which the particle size changes sharply for WCMs is much higher
than that of O–B–EG micelles. This is because, the waist cross-linked
structure not only endows the WCMs with a mobile core and shell,
but also stabilizes the micelles and increases their shrinking temper-
ature. We consider that this thermally sensitive property endows
WCMs with attractive potential for controlled drug release.
In summary, we have introduced a simple and effective means of
synthesizing amphiphilic micelles, and demonstrated a novel waist
cross-linking method to stabilize the micelles. Different from core
cross-linked and shell cross-linked structures, this waist cross-linked
structure could not only stabilize the micelles but also endow them
with a mobile core and shell. In the present work, WCMs could form
a hollow structure using hydrophobic solvent as a core-supporting
agent, and exhibit thermal sensitivity at a temperature of 41 C. While
RCWMs could undergo core–shell reversing behavior in water and
transform to WCMs. These properties endow micelles with great
potential in drug encapsulation and controlled drug release. More-
over, we believe that this waist cross-linking method may also prove
to be interesting for the production of multifunctional micelles and
the construction of nanostructures.
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